Cyclic AMP (cAMP) regulates numerous biological activities in both prokaryotes and eukaryotes. In Escherichia coli, cAMP and cAMP receptor protein act as positive effectors for transcription of a number of catabolite-sensitive operons (40) . In animal cells, cAMP functions as a second messenger in cellular signal transduction; an increased cAMP level promotes, via activation of protein kinase A, phosphorylation of several intracellular enzymes. Phosphorylation results in the enhancement of their enzymatic activities (6) . cAMP also stimulates gene expression (25) and channel activity (36) .
The occurrence of cAMP and a correlation between cAMP content and growth have been reported for the cyanobacterium Anabaena variabilis (15) . Further, the effects of nitrogen starvation on the cAMP concentration in Anabaena flos-aquae (11) and interference by cAMP in formation of the pattern of heterocysts in A. variabilis (37) have been reported. It is still obscure, however, whether cyanobacterial cAMP functions as a regulator for gene expression in bacteria or as a second messenger in signal transduction in animal cells.
Recently, we found that the intracellular concentration of cAMP in the nitrogen-fixing, filamentous cyanobacterium Anabaena cylindrica changes rapidly in response to light-off and light-on signals and to pH shifts (28, 30) and that exogenously added cAMP instantaneously stimulates the respiration and gliding activities of Spirulina platensis (27) . These data suggest that cAMP plays a pivotal role in the regulation of cell physiology responses to changes in the extracellular environment, such as light or nutrients, a role analogous to that of a second messenger in animal cells.
Adenylate cyclases of higher animals traverse the cell membrane (38) , whereas adenylate cyclases of enterobacteria are soluble or peripherally attached to the membrane (23) . The adenylate cyclase activity of A. cylindrica was found in the membrane fraction (34) . It is necessary to clarify whether this cyanobacterial adenylate cyclase traverses a membrane or is peripherally attached to a membrane in order to elucidate the physiological character of this enzyme. There has been no report of the isolation and characterization of a cyanobacterial adenylate cyclase gene. We report the isolation and sequencing of an adenylate cyclase gene from the filamentous cyanobacterium A. cylindrica. We extended our analysis of the adenylate cyclase of A. cylindrica by determining its subcellular localization by using a specific antiserum.
Bacterial strains, plasmids, and growth media. The E. coli strains used in this study were TOP10FЈ [mcrA ⌬(mrr-hsdRMSmcrBC) ⌽80⌬lacZM15 ⌬lacX74 deoR recA1 araD139 ⌬(ara leu) 7697 ) at 27ЊC, as previously described (29) . Genomic DNA was isolated (41) , partially digested with Sau3AI, and fractionated on 0.7% low-melting-point agarose, and fragments in the range of 6.6 to 23 kb were ligated to BamHI-cut pBR322 (4) to construct an A. cylindrica genomic library. A mutant strain of E. coli MK1010 defective in adenylate cyclase was transformed with this library and screened for the ability to metabolize maltose on MacConkey agar plates (Difco Laboratories, Detroit, Mich.) containing 1% maltose and 50 g of ampicillin ml
Ϫ1
. Wild-type E. coli is able to ferment maltose by expressing the maltose regulon, which requires cAMP for its expression (40) . The cya mutant MK1010 (17) 
, most transformants made white colonies on MacConkey agar-maltose plates containing ampicillin. However, one red colony was found among approximately 10,000 white colonies. A plasmid, designated pAC1, was isolated from this red transformant. Reintroduction of pAC1 into E. coli MK1010 showed that the Mal ϩ phenotype was associated with the plasmid. pAC1 contains an 11.5-kb fragment of Anabaena DNA (Fig. 1A) .
Subcloning pAC1 defined the region required for complementation of the Mal Ϫ phenotype in E. coli MK1010. A 1.8-kb BamHI/Sau3AI-XbaI region present in pAC24 sufficed for complementation of the Mal Ϫ defect of E. coli MK1010 (Fig.  1B) . In addition, insertion of the 1.6-kb Km r DNA fragment from pUC4-KIXX (Pharmacia) into the HindIII site within this region, producing plasmid pAC27, prevented complementation of the Mal Ϫ phenotype. Thus, the 1.8-kb BamHI/ Sau3AI-XbaI region is necessary and sufficient for complementation of the Mal Ϫ phenotype of E. coli cya mutant cells. cAMP and cGMP contents. E. coli strains harboring various plasmids were cultured overnight in M9 medium (10) containing 0.4% maltose, 0.4% glycerol, and 0.1% Casamino Acids. Then 0.1-ml portions of bacterial suspension were inoculated into 3 ml of fresh M9 medium. After being shaken for 4 h at 37ЊC, cells were harvested by centrifugation at 3,500 ϫ g, and total cyclic nucleotides were extracted (30) . The amounts of cellular cAMP and cGMP were measured by enzyme immunoassay (EIA system; Amersham). cAMP was not detected in the cya mutant MK1010, even when transformed with pBR322. MK1010 transformed with pAC1 contained an amount of cellular cAMP (24 pmol/mg of protein) similar to the level in wild-type cells (TOP10FЈ; 21 pmol/mg of protein). No cGMP was found (data not shown).
Nucleotide sequence of the cya gene and deduced amino acid sequence. DNA was subcloned in pBluescriptII KSϩ (Stratagene Cloning Systems, La Jolla, Calif.). Unidirectional deletions were generated by using exonuclease III and mung bean nuclease (14) . The nucleotide sequence was determined by the dideoxynucleotide chain termination method (35) with a BcaBEST dideoxy sequencing kit (Takara Shuzo, Shiga, Japan). The 1.8-kb DNA fragment from the BamHI/Sau3AI junction to the XbaI site was sequenced on both strands, with all gaps overlapped. One large open reading frame of 1,506 bp was found in this region (Fig. 2 ). There were no other open reading frames of significant size within this region. We conclude that the 1,506-bp open reading frame represents the gene required for complementation of the E. coli cya mutant.
The protein encoded by this open reading frame consisted of 502 amino acid residues. The calculated molecular weight was 55,300. The amino acid sequence of the open reading frame of A. cylindrica exhibited strong similarities to adenylate cyclases of prokaryotes and eukaryotes. Figure 3 shows an alignment of a region in the carboxyl-terminal half of the Anabaena protein; conserved regions of the adenylate cyclases of Rhizobium meliloti (3), Brevibacterium liquefaciens (31) , and Saccharomyces cerevisiae (16) ; and the two cytoplasmic domains of the Drosophila melanogaster (21) and bovine adenylate cyclases (19) . Conserved motifs for adenylate cyclases (31) were also found in the predicted protein of A. cylindrica, 321-ILFCDIRGYT-330, 364-DKYIGD-369, 416-GIGIHRG-422, and 441-GDAVNVASR-449 (Fig. 3) . We conclude that the open reading frame identified is the structural gene for the adenylate cyclase of A. cylindrica. No sequence similarity was found when the structure of A. cylindrica adenylate cyclase was compared with that of enterobacterium E. coli (1), Bordetella pertussis (13), or Bacillus anthracis (8) . Figure 4 shows a hydropathy plot of the adenylate cyclase of A. cylindrica. Two hydrophobic regions are good candidates for transmembrane regions. One hydrophobic segment near the amino terminus shows an essential property of the signal peptide of prokaryotes and eukaryotes, namely, the presence of a core hydrophobic sequence that is preceded by a positively charged amino-terminal moiety and followed by a flexible structure (12) . The other hydrophobic segment, present at the central part of the protein, may anchor the protein to the membrane. Therefore, A. cylindrica adenylate cyclase may be an intrinsic membrane protein, in accord with our previous finding that the adenylate cyclase activity of A. cylindrica is membrane associated (34) .
Preparation of polyclonal antibodies against adenylate cyclase. The 720-bp EcoRV-DraI fragment corresponding to amino acids 298 to 502 was cut from pAC1, ligated to BamHI linker 5Ј-CGGATCCG-3Ј, and cloned into a BamHI cleavage site of the pGEX-3X expression vector (Pharmacia, LKB Biotechnology AB, Uppsala, Sweden) to construct pGEX-3X-Cya. This plasmid was used for overexpression of the carboxylterminal region of adenylate cyclase as a fusion protein with Schistosoma japonicum glutathione S-transferase in E. coli cells. pGEX-3X-Cya was introduced into E. coli TOP10FЈ. This fusion protein was purified by affinity chromatography according to the manufacturer's recommendations. Purified glutathione S-transferase-Cya fusion protein was used as an antigen to raise polyclonal anti-adenylate cyclase antiserum in a rabbit.
The 1,298-bp DraI-DraI fragment corresponding to amino acids 47 to 502 was cut from pAC1, ligated to BamHI linker 5Ј-CGGATCCG-3Ј, and cloned into a BamHI cleavage site of the pUR292 expression vector (33) to construct pUR292-Cya. This plasmid was used for overexpression of adenylate cyclase as a fusion protein with E. coli ␤-galactosidase in E. coli cells. Crude extract was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), with subsequent blotting onto a nitrocellulose filter (Millipore Ltd.). Immunostaining with specific antiserum was carried out as a standard procedure, with alkaline phosphatase-conjugated mouse antirabbit immunoglobulin G (Promega). This anti-Cya antiserum was found to recognize two major bands in whole-cell extracts of A. cylindrica (Fig. 5, lane 1) . The upper band corresponds to a molecular mass of 55 kDa, which agrees with the molecular weight (55,300) calculated from the cya gene, and we conclude that this band represents the adenylate cyclase protein. Another low-molecular-mass band (39 kDa) was also recognized VOL. 177, 1995 NOTES 3875 by this antiserum. Since both bands were not detected when the same blot was treated with preimmune serum (data not shown), it is confirmed that both proteins are specifically recognized by this antibody. The 39-kDa protein may be a degraded product of this adenylate cyclase or another copy of A. cylindrica adenylate cyclase. Localization of adenylate cyclase. To obtain further insight into the function of adenylate cyclase, it was important to examine the subcellular distribution of this protein. We fractionated whole-cell extracts into soluble and membrane fractions. Then the membrane fraction was fractionated into thylakoid and cytoplasmic membrane fractions by two-phase aqueous polymer partitioning according to the method of Noring et al. (26) , with slight modifications.
Cells were harvested by centrifugation at 1,500 ϫ g for 10 min and suspended in 30 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid) (pH 6.8), including 0.4 M mannitol to a concentration of 14 g of chlorophyll ml
. N-acetylmuramidase (Seikagaku Corp.) was added to 0.002% (wt/vol), and the suspension was incubated for 90 min at 37ЊC in the dark under gentle agitation to obtain spheroplasts (42) . Spheroplasts were sedimented by centrifugation at 12,000 ϫ g for 10 min and resuspended in 40 ml of ice-cold 10 mM potassium phosphate (pH 7.8)-0.25 M sucrose-1 mM dithiothreitol-1 mM MgCl 2 -0.25 mM EDTA-1 mM phenylmethylsulfonyl fluoride. This suspension was passed once through a precooled cell disruption bomb cylinder (PAPR) operated at 900 lb/in 2 . The cell lysate obtained was centrifuged at 22,000 ϫ g for 10 min to remove unbroken cells and cell debris. The resulting dark blue-green supernatant containing crude membranes was used as the starting material for two-phase aqueous polymer partitioning.
Immunoblot with anti-Cya antiserum showed that the band corresponding to adenylate cyclase was detected in the membrane fraction, particularly in the thylakoid membrane fraction (Fig. 5, lanes 3 and 4) . Another protein (39 kDa) was also enriched in the thylakoid membrane fraction. A faint band corresponding to 37 kDa was detected in the cytoplasmic membrane fraction (Fig. 5, lane 5) , but it was not specific to this antibody.
Conclusions. From the following observations, we conclude that the DNA fragment isolated from A. cylindrica and present in pAC24 contains the cya gene. The E. coli transformant that contained the Anabaena cya gene produced levels of cAMP similar to those for the wildtype (cya ϩ ) strain, indicating that the Anabaena cya gene is properly translated in E. coli. However, we found no apparent promoter in the Anabaena sequence that resembles an E. coli promoter (5) . Because the Anabaena cya gene is inserted in pBR322 parallel to the Tet r gene, it is probable that the Anabaena cya gene is transcribed from the promoter of the Tet r gene and that the natural promoter of the cya gene is not included in the isolated DNA fragment.
We have no evidence for subcellular localization of A. cylindrica adenylate cyclase in the E. coli transformant. Catalysis of A. cylindrica adenylate cyclase in E. coli cells seems to require no membrane association since expression of the carboxylterminal catalytic domain of the whole adenylate cyclase was sufficient for complementation of the Mal Ϫ phenotype of MK1010 (data not shown).
Structural analysis of A. cylindrica adenylate cyclase showed that this enzyme belongs to a family of adenylate cyclases, the universal class, recently classified by Danchin (7) . This family of adenylate cyclases is present in mammals; Drosophila, Dictyostelium, Saccharomyces, and Neurospora spp.; and some prokaryotes, e.g., R. meliloti and B. liquefaciens. Other families of adenylate cyclases include only prokaryotic enzymes. The enterobacterial class includes enzymes from E. coli, Salmonella typhimurium, and Pasteurella multosida, and the calmodulinactivated toxic class includes enzymes from Bordetella pertussis and Bacillus anthracis (7) .
Enzymes in the universal class have conserved regions of about 180 amino acid residues, which are thought to be involved in catalysis (7). The carboxyl-terminal region of this Anabaena enzyme shows similarities to these conserved regions. Interestingly, the mammalian (19), D. melanogaster (21) , and Dictyostelium discoideum (aggregation state) (32) enzymes include two conserved regions in one enzyme molecule. In mammalian enzymes, both conserved regions are essential for the synthesis of cAMP (39) . The molecular size of A. cylindrica adenylate cyclase is about half of that of the mammalian enzymes. Those adenylate cyclases with a single conserved region, from S. cerevisiae (16) , Dictyostelium discoideum (germination state) (32) , Trypanosoma brucei (2), R. meliloti, and B. liquefaciens, may be ancestral to the mammalian enzymes (3). The four clusters of consensus sequence conserved in the carboxyl-terminal region of this Anabaena enzyme are also present in the guanylate cyclases of eukaryotes (7) . In guanylate cyclase, the lysine in the second cluster is replaced by a glutamate. This difference may contribute to the difference in substrate specificity between these enzymes (7). Recently, Mackle and Zilinskas (22) reported that the primary structure of a signal peptide targeting a protein to the thylakoid lumen differs from that for targeting a protein to periplasmic space. Only the former type of signal peptide contains a regular distribution of serine, threonine, and glycine residues. This signal peptide property was found among proteins targeted to the thylakoid membrane in higher plants (22) . A similar distribution of serine, threonine, and glycine residues was found in the signal peptide-like sequence of the adenylate cyclase of A. cylindrica. We carried out immunoblotting analysis to examine the subcellular localization of this adenylate cyclase and found that it localized in the thylakoid membrane.
On the basis of primary structure, we propose the structural model for A. cylindrica adenylate cyclase shown in Fig. 6 . Since ATP, a substrate of adenylate cyclase, exists in the cytoplasm, the carboxyl-terminal region involved in catalysis should be present in the cytoplasm and the amino-terminal region should face the thylakoid lumen. That is, A. cylindrica adenylate cyclase functions as a membrane-localized receptor protein, and the amino-terminal half of this protein senses signals, such as pH or a change in membrane potential, and regulates the catalytic activity of the carboxyl-terminal half. This hypothesis is supported by the fact that cAMP levels of A. cylindrica change quickly in response to shifts from light to dark or from dark to light (28, 30) and that acidification of the thylakoid lumen occurs upon illumination (9) .
